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Abstract 

The present letter proposes a modification in the well known Grover's 



search algorithm, which searches a database of N unsorted items in 0(y/N/M) 
steps, where M represents the number of solutions to the search problem. 
Concurrency control techniques and extra registers for marking and stor- 
ing the solutions are used in the modified algorithm. This requires ad- 
ditional space but it is shown that the use of extra register and marking 
techniques can reduce the time complexity to 0(M + log TV). 

1 Introduction 

Searching databases is one of the most important problem in computer science 
and real life. This fact has motivated people to develop a large number of 
algorithms [Q to search different kind of databases. We are interested about 
a database of N unsorted items, having M solutions (where M <C N). Any 
classical algorithm takes O(N) steps to search such a database. In recent past 
Grover [2] has proposed a quantum algorithm for the same purpose but with a 
time complexity 0{y/N/M) Till now, the time complexity of the Grover's 

algorithm is minimum among all the algorithms that are designed for the same 
purpose. Tight bound on Grover searching has been studied by many people 
@] but it does not establish any tight bound on quantum search in general. 
This fact has motivated us to explore the possibility of improvement. For this 
purpose we have used a technique which is well known as marking technique in 
classical computation. 

Marking is a technique which either put a level on the target elements or on 
the indices associated with the target element. This technique is used widely in 
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classical computation for various purposes. Quantum analogue of the marking 
technique is also used by many people |5l7j . For example we can note, that 
Durr jg] and Chen have used this technique for finding out minima and 
searching. In this letter we have used this technique to mark the solution states 
to a register of size N and we have also used two additional registers to store 
these marked states and the number of solutions to the search query respectively. 
Essentially, this registers increases the resource requirement but it considerably 
reduces the time complexity. The time complexity of the proposed modified 
Grover's algorithm is only 0(M + logiV). This is a considerable reduction, 
specially when M is small and N is large. 

In section 2 we briefly discuss Grover's algorithm. The modified algorithm, 
its complexity and issues related to concurrency control are discussed in section 
3. Finally section 4 is devoted for conclusion. 

2 Grover's algorithm 

As we have already stated, we are interested to search a database of N unsorted 
items out of which M are the solutions. In Grover's search algorithm we assign 
an index to each element and search on those indices. Now for our convenience 
if we assume that N — 2™ then we can store all the indices in n qubits since 
the indices varies from to N — 1. A particular instance of the search problem 
can conveniently be represented by a function /, which takes an integer x, in 
the range to N — 1. By definition, f(x) = 1 if x is a solution to the search 
problem and f(x) = if x is not a solution to the search problem. 

Grovers algorithm uses an unitary operator as a quantum oracle which flips 
the oracle qubit if f(x) — 1. Essentially, the Oracle marks the solutions to the 
search problem by shifting the phase of the solution. The search oracle is applied 
only 0(y N/M) times in order to obtain a solution on a quantum computer. 
This is done in following steps 

1. The algorithm begins with a quantum register in the state |0}® n . 

2. The Hadamard transform is used to put the register in a equal superpo- 
sition of N = 2™ states. This is how we used to prepare the input state 
\x > for the oracle. 

3. A quantum subroutine, known as the Grover iteration is repeatedly ap- 
plied. The Grover iteration may be broken in following four steps: 

a) Apply the oracle 

b) Apply the Hadamard transformation on n qubits 

c) Perform a conditional phase shift on the computer, with every compu- 
tational basis state except |0) receiving a phase shift of —1 

d) Apply the Hadamard transformation on n qubits. 
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3 Modified search algorithm 



The modified search algorithm requires additional space to carry out marking 
and it starts with an initially unmarked additional register T of size N. The 
marking technique and the register used here are similar to that used in Durr's 
work |5lfij for finding out minima. Therefore, T[j] represents a memory location 
which is used for marking where < j < N — 1. Apart form the register T we 
also need two other registers, one to store the number of solutions to the search 
problem and the other to store the solution of the search problem. Let us name 
these two registers as COUNT and ANS respectively. In the modified algorithm 
the first two steps are same. The modification appears only in Oracle which 
works as follows: 

a) The input to the Oracle is \x) (obtained in Step 2) 

b) For each x, such that f(x) = 1 mark T [x] where < x < N — 1. 

Thus, if T[j] is marked then j represents a solution to the search problem. When 
T[j] is marked, it will act as a trigger and a process to write j into ANS register 
will be spawn. Let this process be denoted by P( j ). 

Now, we would like to note that the number of processes spawned is equal 
to the number of solutions to the search problem i.e. M and all these M 
processes (denoted by P (j) ) will compete with each other to write j into the 
ANS register. Thus, some concurrency control mechanism must exist to allocate 
resource ANS to these M processes, such that mutual exclusion exists. This is 
a well known problem in classical computation and our registers are essentially 
classical, so we can use existing standard concurrency control techniques [H]. 
For example, we can use centralised cocurrency control technique In this 
case, each process P(j), where T [j] is marked, will send a request to Central 
Concurrency Controller (CCC) to write j into the ANS register and increment 
COUNT register. Although CCC will initially be flooded with M requests (since 
M solutions exist). 

Any arbitrary process selection technique will work in our case. The reason 
behind this is explained later. For example, if we want our answers to be 
displayed in ascending order of index, then we have to allocate higher priority 
to a process with lower index value (i.e. j). 

As soon as a process finishes its job, it will inform the CCC that it should 
select any other process that is waiting to use ANS and COUNT registers. CCC 
will then select another waiting process (if any) by using the same selection 
technique that it has used earlier. Decentralised Concurreny Control techniques 
jH] can also be used for the same purpose. 

It is important to note that the presrcribed mechanism is free from the 
common problems (like busy waiting, starvation, deadlock, process failure etc.) 
of concurrency control schemes. Busy waiting would be negligible in this case 
since the only tasks that each process P(j) has is to write j into ANS register 
and give an increment in COUNT register. In our case, irrespective of any 
selection technique used in CCC, no process will starve indefinitely to use the 
ANS and COUNT registers, since total no of process M <§; N . At most, it 
may happen that due to a particular selection technique, a particular value of 
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index j will cause P(j) to access the registers after M — 1 processes which is 
trivial. The ANS and COUNT registers can be considered as a single unit of 
shared resource since at a particular time, a particular process is either allowed 
to access both of them or not allowed to access any of them. Therefore, only one 
unit of shared resource exist and a deadlock will never happen in this situation. 
Process failure is a serious problem but the chance of process failure is very very 
low. In the worst case, one may have to run the algorithm multiple times to 
ensure correctness. 

As far as data structure is concerned we have two options regarding the 
structure in which j is written on ANS: If we use a single register the register 
contents will probably change too rapidly for human perception. To correct 
this problem, we can allow a user input in the concurrency control mechanism 
which dictates when the register contents can change. On the other hand if we 
use N registers then the process P(j) writes j at that register whose index is 
represented by COUNT. Thus, no user input is required in this case and hence, 
it will be faster than the single register case. 

4 Conclusion 

In the modified algorithm step 1 requires 0(logN) time and step 3 requires 
O(M) time, assuming that each process P(j) requires O(l) time to complete its 
task. Thus, the total time required would be 0{M + logN). Thus we have a 
modified version of the existing Grover's algorithm having a considerably re- 
duced time complexity. There is one more important point, Grover's iterations 
yield all solutions but as soon as we do a measurement the wave function col- 
lapses to a particular state, so we end up with only one solution. But in the 
present scheme we have all the solutions in hand. If in a particular case we de- 
cide to note only one solution then our algorithm's time complexity will reduce 
to 0(logN). Since, there exists many applications of Grover algorithm, the im- 
provement acheived in the present work opens up the possibility of improvement 
in all these applications. 
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